We report the application of molecular tagging velocimetry (MTV) toward two-component velocimetry as demonstrated in an underexpanded free jet flowfield. Two variants of the MTV technique are presented: 1) electronic excitation of seeded nitric oxide (NO) with gated fluorescence imaging (fluorescence lifetime) and 2) photodissociation of seeded NO 2 followed by NO fluorescence imaging (NO 2 photodissociation). The seeded NO fluorescence lifetime technique is advantageous in low-quenching, high-velocity flowfields, while the photodissociation technique is useful in high-quenching environments, and either highor low-velocity flowfields due to long lifetime of the NO photoproduct. Both techniques are viable for single-shot measurements, with determined root mean squared results for streamwise and radial velocities of ∼5%. This study represents the first known application of MTV utilizing either the fluorescence lifetime or the photodissociation technique toward two-component velocity mapping in a gaseous flowfield. Methods for increasing the spatial resolution to be comparable to particle-based tracking techniques are discussed.
Introduction
Molecular tagging velocimetry (MTV) is an alternative to traditional particle-based tracking methods as a nonintrusive laser-based technique for obtaining two-component velocity maps. Particle image velocimetry (PIV) is a well-established particle-based tracking diagnostic technique commonly used in gaseous flowfields. Both these techniques utilize an "initial" image and a time-delayed image, where the temporal separation between the two images is known. The velocity map is calculated by dividing the movement of the flowfield between the two images by the time delay. In the case of PIV particles are seeded into the flow, illuminated by two timedelayed laser sheets (typically the second harmonic of an Nd:YAG), and the resulting Mie scattering is imaged. Although the sizes of the particles vary, they are typically 500 nm to a few micrometers in diameter. Double-pulsed Nd:YAG lasers (532 nm) designed specifically for PIV are available and, since Mie scattering is orders of magnitude larger in intensity than molecular fluorescence, a fast-gated visible camera can be used for image acquisition. Interline transfer (double frame) cameras specifically for PIV are also commercially available (i.e., Cooke Corp.) and eliminate the need to warp images from two separate cameras to the same field of view. PIV is signal rich and its excellent resolution is limited mainly by particle-seeding density. Commercially available software for PIV image processing incorporates sophisticated procedures for particle location through correlation functions for subpixel accuracy. However, PIV has several disadvantages. PIV diagnostics require the use of particles and, although these particles can be extremely small, they cannot follow the flow as precisely as molecules and deviations become large in the presence of strong shocks [1] . Recently Huffman and Elliott [1] compared PIV and MTV measurements for the case of an underexpanded jet. The authors reported 5% errors near the jet exit using the smallest particles (100 nm), but observed significant deviations between the methods near the Mach disk as particle size was increased from 100 nm to 1 μm. Particle seeding is also not ideal in some facilities where particles can damage highly polished walls and/or where uniform seeding can be difficult. Finally, light scattering near walls or surfaces can be problematic in PIV, although painting the surfaces either with black paint or fluorescent dyes such as Rhodamine 6G and use of an imaging filter may aid in the reduction of such light scatter.
In MTV, the molecules of interest are "tagged," usually by a "write" laser, and probed at a known time later by a "read" laser. MTV relies on tracking molecules through their fluorescence (or phosphorescence, in some cases). The main advantage of MTV is that the molecules accurately track the flow and, consequently, there are no problems near strong shocks. It is also easy to uniformly seed the flow, since the molecules will not settle out. Interference from scattered light can be temporally eliminated using gated imaging cameras since MTV relies on fluorescence, which persists for a longer time than scattering. The main disadvantage of MTV is that it is, in general, signal poor because fluorescence is much lower in intensity than Mie scattering. In addition, because the MTV technique is molecule specific, specific probe wavelengths are required, and the laser intensities at these wavelengths are considerably lower than the 532 nm light used in PIV. As a result of lower signal to noise, the raw images must be smoothed prior to processing, reducing the spatial resolution.
MTV encompasses a wide range of techniques that can be applied in both gaseous and liquid flowfields. The liquid flowfield techniques generally rely on phosphorescent molecules, which are dissolved into the flow and illuminated via laser excitation [2] [3] [4] . Gaseous MTV techniques are varied and prominent examples will be reviewed briefly. The two subcategories within gaseous MTV are seeded and unseeded techniques. Unseeded techniques generally fall into four main areas: ozone tagging velocimetry (OTV), hydroxyl tagging velocimetry (HTV), Raman excitation plus laser-induced electronic fluorescence (RE-LIEF), and nitric oxide (NO) tagging velocimetry. OTV involves the formation of ozone via photodissociation, which is then photodissociated to form vibrationally hot O 2 and simultaneously probed via Schumann-Runge fluorescence [5] . HTV involves the photodissociation of water and probing of OH by laser-induced fluorescence (LIF) [6] [7] [8] . RELIEF involves LIF probing of tagged vibrationally excited O 2 molecules [9] . Tagging velocimetry using NO is usually conducted in shock tubes where NO is naturally formed, as in [10] , or by photodissociation of air [11, 12] . Danehy et al. [10] employed NO fluorescence to image a hypersonic flowfield, where the displacement can be tracked over the fluorescence lifetime. To our knowledge, the reported studies of NO velocimetry have been limited to probing of the ground vibrational state of NO (NO v¼0 ) at 226 nm.
Seeded techniques mainly consist of tert-butyl nitrite photodissociation, acetone tagging, biacetyl tagging, and NO 2 photodissociation. Both acetone [13, 14] and biacetyl tagging [15] involve laser excitation and fluorescence probing (or phosphorescence in the case of biacetyl). NO 2 [16, 17] and tert-butyl nitrite [18] photodissociation techniques involve the photolysis of these molecules and subsequent probing of the product NO v¼0 by LIF. The photodissociation of NO 2 at 355 nm results in a 40∶60 ratio of NO v¼0 to NO v¼1 [19] [20] [21] , and we have demonstrated that probing NO v¼1 rather than NO v¼0 is advantageous in flowfields where fluorescence from background NO may be significant [22, 23] .
MTV has been applied using both single-line and grid techniques. The single-line techniques provide a single component of velocity, while the grid techniques provide two components of velocity in the laser plane by observing the warping of the grid. Gaseous grid studies for two-component velocimetry are exceedingly rare in the literature and limited to only a few studies using biacetyl [24, 25] and OH [6] . The present experiment examines the application of NO MTV toward two-component velocimetry in a variety of quenching environments, and focuses on the advantages and disadvantages of MTV techniques in each case. The technique relies on the formation of two coplanar, perpendicular "write" laser sheets into a grid, and the tracking of the grid (more specifically, the intersection points of the grid) via fluorescence imaging using ICCD detectors. The velocity is calculated simply by calculating the displacement of the grid intersection points and dividing this value by the known time delay between two images. We present results employing two types of MTV methods. The first is the acquisition of both the initial and time-delayed image during a single fluorescence lifetime of seeded NO using a two-laser, two-camera arrangement. The second utilizes photodissociation of seeded NO 2 to create NO, which is then probed using two temporally separated lasers for collection of the initial and a time-delayed image: a three-laser, twocamera arrangement. The applicability of the different methods for different quenching environments will be examined. To our knowledge, this study represents the first known gaseous application of MTV utilizing either the fluorescence lifetime or photodissociation technique toward two-component velocity mapping. In addition, we also present a discussion of the resolution limits of the MTV methods and methods for increasing spatial resolution. Finally, uncertainty analysis results from single-shot images for application toward short-run or single-shot facilities, such as blow-down wind tunnels or shock tubes, are presented.
Experimental
The flowfield that was examined to demonstrate the MTV techniques was the underexpanded jet flowfield for which the main structures have been discussed in detail [26, 27] . The main structures with their labels are shown schematically in Fig. 1 . Briefly, at the nozzle exit, Prandtl-Meyer expansion fans give rise to the barrel shock structure that surrounds the inner isentropic expansion region. The expansion in this region reaches very low temperatures and pressures at hypersonic velocities and is terminated by a Mach disk, which recompresses the flow. The intersection of the barrel shock and the Mach disk is known as the Mach disk triple point, and this point gives rise to a slip line between the subsonic core (inner jet) and the supersonic region (outer jet), which develops into a shear layer. There also exists a shear layer between the outer jet and the ambient, nearly stagnant, fluid. As the fluid travels past the plane of the Mach disk, a series of oblique shocks recompress the flow, but there are no further normal shocks for very highly underexpanded jets [27] . The structure of underexpanded jets are usually classified by distance to the Mach disk (X m ), diameter of the Mach disk (D m ), and primary wavelength (w), which have all been found to be a function of P e =P a , or jet pressure ratio (JPR) [28] .
The imaged region extended from the nozzle exit to just beyond the Mach disk. The flowfield is well studied, and the streamwise and radial velocity maps can be compared to computational fluid dynamics (CFD) results. The expansion region, in particular, has significant radial and streamwise components of velocity. The flowfield is also challenging because it presents a wide variety of temperatures, pressures, and velocities (subsonic, supersonic, and hypersonic) and, therefore, is ideal in demonstrating the robustness of the velocimetry technique under a variety of conditions.
The experiments were carried out at the National Aerothermochemistry Laboratory at Texas A&M University. The experimental setup has been described previously [22, 23] and will only be briefly summarized. The vacuum chamber was fitted with a nozzle, which consisted of a simple 1=4 in: stainless steel capped tube with a 1 mm diameter orifice, to produce the highly underexpanded jet flowfield. The chamber was continuously evacuated by a roots blower pump assembly (pumping speed ∼250 cfm) to maintain a steady ambient chamber pressure (P a ) of 2-3 Torr. Quartz windows on four sides allowed for optical access and an additional quartz window was added opposite the nozzle to pass the horizontal laser sheet. The specific experimental setups for the two MTV methods will be discussed in the following sections. The gas mixture used was a 1% NO in N 2 gas mixture supplied by Matheson Tri-Gas. The NO 2 was supplied by Sigma Aldrich (>99:5% pure). The air used was a 0% hydrocarbon dry compressed air supplied by Brazos Valley Welding. All gases were delivered via needle valves into the chamber so that the stagnation temperature was 300 K. The reported experiments were carried out at the conditions listed in Table 1 .
The purpose of the three runs was to assess the applicability and limitations of the two-component velocimetry technique under a variety of quenching conditions. The experimental setup differed slightly for each run and will be delineated in the following sections.
A. Run 1: Low-Quenching/High Velocity Flows
The schematic layout of the setup, with a close-up of the field of view, is shown in the top panel of Fig. 2 . The NO probe laser systems consisted of two frequency-doubled Sirah Cobrastretch dye lasers pumped by two Spectraphysics LAB 150-10 Nd:YAG lasers operating at 10 Hz and 355 nm to produce tunable UV laser light to probe the 
5Þ. On average, the doubled UV laser light exiting the dye lasers was about 1 to 2 mJ=pulse. Both laser systems were triggered to fire simultaneously and the UV laser sheets were combined at the chamber for maximum laser power. It should be noted that, with higher laser power, a single dye laser could be used and then split using a beam splitter to produce the same results. Collimated laser sheets were formed using combinations of long-focal-length (500 mm to 2 m) cylindrical and spherical UV fused silica lenses. The waist of the laser sheet was located within the field of view of the cameras to minimize the out-of-plane thickness of the "write" beam. Finally, the grid was created by placing a small square of aluminum mesh (McMaster-Carr) in the path of the laser sheet on top and on the sides of the chamber as close as possible to the nozzle exit.
The imaging system for Run 1 consisted of a single water-cooled Andor iStar ICCD camera (model DH734, 16 bit) fitted with Nikon 105 mm F/4.5 UV lenses and extension rings for close-up viewing. The ICCD camera was externally triggered and gated for 20 ns. The resulting images were not binned and were read at full resolution of 1024 × 1024 pixels for a full image field of view of 13:6 mm × 13:6 mm. Full resolution images were chosen as opposed to onchip binning in order to maximize spatial and, hence, velocity resolution at the cost of lower signal to noise. The overall timing for the entire experiment was controlled by a digital delay generator (Berkeley Nucleonics Corporation, model DG565), and the elastic scatter was temporally avoided by delaying the camera gate by 10 ns relative to the "write" pulse.
The purpose of Run 1 was to demonstrate the use of two-component velocimetry in low-quenching environments, where the fluorescence signal is long lived relative to fluid displacement. The UV lasers served as both the "write" and the "read" laser, imposing an NO excitation grid on the flowfield. Two images were collected during the NO fluorescence lifetime. The first image was collected immediately after the excitation pulse, and a second was collected at a known temporal delay. As expected, the timedelayed image exhibited lower signal to noise as a result of fluorescence quenching. We empirically determined that 0 and 400 ns, and 0 and 300 ns were optimal temporal pairs for the initial and timedelayed images. The 300 ns time delay offered slightly more signal and was used for the single-shot images, while the 400 ns time delay provided more velocity resolution and was used for the integrated images (60 s). A single-camera arrangement was employed due to its simplicity, particularly in terms of minimizing the image processing required in twocamera arrangements, and is possible given the relative stability of the flowfield. Experiments using the two-camera acquisition mode employed in Run 2 and Run 3 resulted in equivalent velocimetry data.
Since the underexpanded jet flowfield contains a wide range of temperatures, we probed the J 00 ¼ 2:5 rotational state to ensure good signal levels in the range of the flowfield temperature (20 to 320 K). The laser wavelength corresponding to the vertical laser sheet was fine tuned by observing the axisymmetry of the Doppler-shifted fluorescence. The laser wavelength corresponding to the horizontal laser sheet was fine tuned by maximizing the Doppler-shifted fluorescence resulting from areas of differing streamwise velocities, i.e., hypersonic velocities corresponding to the area prior to the Mach disk, and subsonic velocities corresponding to the area after the Mach disk. Raw integrated (60 s) and single-shot images for Run 1 are shown in Figs. 3 and 4 , respectively. The purpose of Run 2 was to demonstrate the limitations of the velocimetry technique discussed for Run 1 in high-quenching environments, i.e., high total pressure, or in the presence of species which rapidly quench NO fluorescence, such as O 2 , H 2 O, or CO 2 . Under such conditions, the shortened fluorescence lifetime limits the time delays possible, leading to problematic low-velocity measurements. The experimental setup for Run 2 was the same as that of Run 
C. Run 3: NO 2 Photodissociation for High-Quenching Conditions
The purpose of Run 3 was to demonstrate the advantage of the MTV method employing the photodissociation of seeded NO 2 toward overcoming the difficulties encountered in Run 2 due to loss of fluorescence signal in high-quenching environments. The experimental setup is more complex in this case, requiring three lasers. The schematic is shown in the bottom panel of Fig. 2 . First, seeded NO 2 was photodissociated at 355 nm (the "write" laser) using a Spectraphysics LAB 290-10 Nd:YAG split using a 50∶50 beam splitter into vertical and horizontal laser sheets. Both sheets passed through the aluminum mesh and entered the chamber simultaneously, writing a grid of photodissociated NO into the flowfield. The 355 nm laser power used for Run 3 was approximately 80 mJ=pulse. Single-shot images were collected using a 400 mJ=pulse measured at the chamber. The first probe ("read") laser, which was a 355 nm pumped (Spectraphysics LAB 150-10 Nd: YAG at 10 Hz) dye laser (Sirah Cobrastretch) tuned to probe the
ðv 00 ¼ 1Þtransition of NO at R 1 þ Q 21 ð1:5Þ, was formed into a sheet and entered the chamber vertically from top to bottom (and therefore remained ungridded) 100 ns after photodissociation. At 400 ns after photodissociation, the second probe ("read") laser, which was also a 355 nm pumped (Spectraphysics LAB 150-10 Nd:Yag at 10 Hz) dye lasers (Sirah Cobrastretch) tuned to probe the
ðv 00 ¼ 1Þtransitions of NO at Q 1 (1.5, 2.5, and 3.5) overlapping lines, entered the chamber along the same optical path as the first probe laser. NO fluorescence resulting from each of the "read" probe lasers were captured on separate ICCD cameras with narrow exposure gates (20 ns for the integrated images and 100 ns for the singleshot images). The two cameras were phase-locked to the excitation pulse so that both cameras imaged a single excitation event. This mode of acquisition is essential in cases where the flowfield is unsteady. Since the time-delayed image is not dependent on the fluorescence lifetime (since two separate probe lasers are used), the technique utilizing photodissociation of NO 2 is immune to fluorescence-quenching effects and the signal is limited only by diffusion and fluid mixing of the NO from the probe laser volume. In addition, by probing NO v¼1 instead of NO v¼0 , the interference from background NO (primarily in v ¼ 0) is suppressed [22] . This is valuable for flowfields where background NO may be a problem, such as combustion flowfields. In this case, the NO 2 provided contained a small impurity of NO, which was visible in the collected images as background fluorescence. Therefore, in these studies, NO v¼1 was probed rather than NO v¼0 . Raw 60 s integrated images are shown in Fig. 6 . Single-shot images were collected at a slightly higher NO 2 concentration (0:067 mol fraction) than the integrated images for slightly better signal to noise. In order to obtain single-shot images with better signal-to-noise ratio, the 355 nm power was increased to 400 mJ=pulse. Consequentially, significant nozzle ablation was encountered from the horizontal grid impacting the face of the nozzle, which could not be eliminated. Therefore, for the acquisition of single-shot images, only the vertical photodissociation grid was used, and so streamwise velocity maps were calculated. 
Results and Analysis
The first step in the image analysis was determining the spatial conversion factor by placing an electroformed mesh (19 lines=inch) in the path of the laser sheet and taking an integrated image of the flowfield. The observed spacing of the NO fluorescence lines yielded the spatial conversion factor of 75:3 pixels=mm. Second, the initial and time-delayed images were warped to the equivalent fields of view and smoothed using a standard Gaussian spatial filter. Third, the velocity map was calculated by detecting and tracking the intersection points of the grid. Here, the main shortcoming of MTV as compared to PIV is its lower signal intensity. Whereas PIV resolution is limited by the seeding density of the particles, molecular tagging resolution is primarily limited by signal to noise (decreasing the sharpness of the gridding lines). The signal to noise directly limits the resolution in that, the noisier the images, the higher the gain on the ICCD must be used for imaging and, subsequently, the fewer line pairs that can be distinguished in the images. In addition, noisier images require increased smoothing so that the software can detect intersection points, and the increased smoothing inherently decreases spatial resolution. In an attempt to increase the spatial resolution of the MTV images, edge-finding procedures were used to locate the rising and falling edges of the horizontal and vertical laser grid, giving rise to four vectors per intersection point. This procedure effectively quadrupled the spatial resolution. Further discussion of these edge-finding routines for increasing spatial resolution and detailed discussion of the image analysis procedures are available [23] . It should be noted that the Gaussian kernel pixel size was kept at a minimum so that each calculated velocity vector maintained its measurement individuality (∼20 pixels × 20 pixels in this case).
Fourth, streamlines were then drawn between the initial and displaced points via a roaming procedure, where the initial points were located points in the initial (0 ns) image, and then the corresponding displaced points in the delayed (400 ns) image were located through a user-defined roaming window. Once the corresponding points were found, the displacement in pixels was calculated and converted into velocity (meters/second) through the spatial conversion factor. Each velocity value was decomposed into streamwise (U) and radial (V) components to yield the U and V velocity maps shown in Fig. 7 for Run 1. Velocities in the "up" direction are denoted as negative (−V), and velocities in the "down" direction are denoted positive (þV). Finally, the maps were linearly interpolated in the horizontal and vertical directions for visual clarity. These results are presented in Section 4. The method of quadrupling the resolution by edge-finding routines increased the resolution from one vector for every 50 pixels × 50 pixels to approximately one vector for every 20 pixels × 20 pixels (∼270 μm × 270 μm). The resulting interpolated streamwise and radial velocity maps for Runs 1, 2, and 3 are presented in Figs. 8-10. 
Discussion

A. Integrated Images
Since the JPRs were approximately equal, the general structure of the velocity maps is similar. As seen in the streamwise velocity maps, the gas quickly expands and accelerates, and reaches a maximum magnitude directly prior to the Mach disk (850 m=s). A small region of lower velocity (about 500 m=s) is seen on either side of the centerline directly exiting the nozzle. This region corresponds to the largest magnitude of the radial velocity. The streamwise velocity rapidly drops to subsonic velocities directly after the Mach disk, as expected. The outer jet regions remain supersonic and surround the subsonic inner core. The majority of the overall velocity magnitude of the flowfield is dominated by the streamwise component, with a considerably smaller radial component. The centerline of the radial velocity maps remains at 0 velocity, indicating that the gas in this region experiences only streamwise acceleration. On either side of the centerline, the gas expands mildly (with the exception of the near-nozzle region). The Mach disk is not well delineated in the radial direction, as expected, since the shock acts as a normal shock in the streamwise direction. After the Mach disk, the flow begins to transition from laminar to turbulent, leading to pockets of larger radial velocities and small variations in streamwise velocity. Another interesting aspect of the flow captured in the radial velocity maps is the presence of a slight turning in of the flow after the triple point, causing a change in radial velocity from approximately 200 m=s to −200 m=s.
CFD simulations were used to verify the overall structure of the flow and for overall comparison of the validity of the experimental velocity maps. The CFD simulations were run at the experimental JPR of Run 1. Two-dimensional axisymmetric simulations of the underexpanded jet were performed using the Cobalt flow solver [29] . Cobalt is an unstructured flow solver designed to integrate the Euler and Navier-Stokes equations on two-and threedimensional grids. The subsonic part of the nozzle was included in the simulation in order to capture the effects of the boundary layer. The effects of turbulence were modeled by Menter's two-equation model [30] . The initial condition within the test chamber was set to the experimentally measured pressure. Adiabatic viscous wall boundary conditions were specified for the nozzle wall and the chamber surface with the nozzle exit. Static conditions, based on the stagnation values and area ratio, were specified at the nozzle inlet. Slip conditions were used for the chamber sidewall and backpressure was specified at the chamber exit surface.
Comparisons between experimental streamwise and radial velocity results from Run 1 and the CFD results are presented in Figs. 11 and 12 . Overall, the comparison of the experimental results are in excellent agreement with CFD. The overall structure is similar, and the magnitudes of the velocity in both the streamwise and radial directions match. The CFD results are less noisy than the experimental data, primarily due to interpolation of the experimental velocity maps from distinct velocity data points. The structure of the underexpanded jet and, in particular, the distance from the nozzle to the Mach disk and the size of the Mach disk, are a function of the JPR [28] . Therefore, matching these parameters between the experimental and CFD results verified the experimental JPR, and that flowfield pressures and temperatures could be confidently inferred from the CFD results. Since quenching is a function of the local pressure and temperature, the CFD results were used to identify areas of significant NO fluorescence quenching. One area is the high-pressure region near the nozzle exit. The intrinsic fluorescence lifetime of NO is 220 ns and, even in the low-quenching case (Run 1), the lifetime in this region is only 119 ns, leaving only 3.5% of the original signal after 400 ns. In the high-quenching case (Run 2), the effect of quenching is substantial, leaving only 2.8% of the original signal remaining after 300 ns. After 400 ns, less than 1% remains, limiting fluorescence tagging velocimetry in this region.
The subsonic area directly after the Mach disk is another area that is affected heavily by quenching. The pressure in this region is approximately 3 Torr, and the temperatures are near 320 K. The lifetimes for the low-and high-quenching cases for this region are 219 and 175 ns, respectively. This area is also very prone to loss of signal in the high-quenching case, leaving only 18% and 10.2% of the initial fluorescence signal at 300 and 400 ns delays, respectively. Although this is not much different from the lowquenching case, in which 25.4% and 16.1% of the initial fluorescence remains at 300 and 400 ns, respectively, the effect is exaggerated by the fact that the initial fluorescence signal is inherently low (due to the low pressure) as compared to the high-pressure nozzle region. These regions are clearly demonstrated in the time-delayed image in the right panel of Fig. 5 , where the software was unable to locate intersection points, resulting in loss of velocity vectors.
While the areas discussed above experience large effects due to quenching, other areas are only mildly affected by quenching and maintain good signal even in high-quenching conditions. These are areas with low number densities and, consequently, low collision frequencies, such as the region before the Mach disk. The pressure and temperature in these regions are very low at 30-100 m Torr and 15-30 K, respectively. These conditions result in long fluorescence lifetimes, both in the low-quenching and high-quenching cases, of greater than 200 ns. Under these conditions, more than 20% of the initial signal remains at 300 ns (15% at 400 ns) in both cases. These signal reductions are still sufficient for locating the grid intersection points, permitting accurate velocity analysis in these regions.
A comparison of the derived velocity maps from Runs 2 and 3 demonstrates the viability of the NO 2 method in high-quenching environments. In fact, the partial pressure of O 2 in Run 3 was double that of Run 2 and yet provides velocity vectors in all regions of the flow, even near the nozzle and after the Mach disk. In addition, probing the NO v¼1 state rather than NO v¼0 reduces interference from background NO. Such interference makes the velocimetry analysis more challenging. Probing NO v¼1 was also advantageous since the depletion of NO v¼1 through NO vibrational relaxation is of the order of microseconds, much longer than the timescale of the flowfield. We note that the choice of rotational lines is important. In the low-temperature expansion region of the flow, only low-rotational states are well populated. Therefore, probing low-rotational lines, such as J 00 ¼ 1:5, 2.5, or 3.5, helped maintain good signal intensity throughout the flowfield. The probe laser configuration also reduced the effect of Doppler shifting in the horizontal laser sheet from the large streamwise velocity gradient encountered in Runs 1 and 2.
The photodissociation technique should be valuable in slow-moving flowfields where imaging though the fluorescence lifetime would yield inadequate spatial displacements for velocimetry analysis, since the photolytic NO is a stable species whose depletion is only governed by very slow recombination reactions (reforming NO 2 ) and diffusion and/or fluid mixing out of the laser probe volume. The vibrational relaxation of NO (and thus the depletion of NO v¼1 ) is mainly driven by vibrational quenching through collisions with the coincidently formed O atoms [22, 23] . However, even with O atom quenching, NO v¼1 persists for several tens of microseconds and, thus, may be probed with a very long delay time. If background NO v¼0 is not an issue, then the nascent NO v¼0 can be probed. The population of NO v¼0 was observed to increase with time due to vibrational relaxation from NO v¼1 before decreasing due to diffusion and/or fluid mixing. Thus, the time-delayed image when probing NO v¼0 would likely have more signal than the initial image, facilitating the location of intersection points.
B. Single-Shot Images
Single-shot data would be very useful in shortruntime facilities, such as shock tubes, where runtimes of only a few milliseconds limit data collection to a single acquisition event. A statistical set of single-shot data was taken at each of the quenching conditions (Runs 1, 2, and 3) for uncertainty analysis. A raw single-shot image for Run 1 is shown in Fig. 4 as demonstration of typical signal-to-noise levels in all three runs. Statistical analysis was run on the 480 single-shot images collected in Run 3 using the same image processing procedure as was used for the integrated images. However, since the signal to noise of the single-shot images was lower than the integrated images, increased spatial smoothing was applied during image processing, resulting in lower spatial resolution. The average velocity map derived from the single-shot images showed similar structures as the integrated velocity map. The root mean squared velocity uncertainties were also calculated and were found to be heavily dependent on signal to noise. It should be noted that the rms map included both uncertainties inherent to the flow (i.e., shot-toshot fluctuations in flow structure) as well as uncertainties originating from the image processing due to lack of signal. The relative uncertainty in velocity was about 5% in the area where the signal to noise was highest (namely in the isentropic expansion region), and increased in areas where the signal to noise suffered (namely in the subsonic region after the Mach disk). It is interesting to note also that, in the region of the Mach disk, uncertainties were high (in excess of 20%). These uncertainties are attributed to fluctuations in the location of the Mach disk inherent to the flow rather than uncertainties originating from lack of signal.
Conclusions and Recommendations
We have demonstrated the use of two-component MTV toward an underexpanded jet flowfield. The study represents the first known application of MTV utilizing either the fluorescence lifetime or photodissociation technique toward two-component velocity mapping. Two techniques were presented that had advantages in different flow conditions. Both techniques made use of fluorescence image pairs, an initial image and a time-delayed image, following the "writing" of a grid into the flowfield. The intersection points were located for each image, and the velocity was calculated by tracking the spatial displacement of the points divided by the known temporal delay. The resolution was improved by splicing each intersection point of the grid into four points using edgefinding procedures, and rendered the technique's resolution competitive with particle-based tracking techniques at 1 vector=ð270 μm × 270 μmÞ in the field of view. For low-quenching, high-speed flows, the flow was seeded with NO, and the two images were taken during the NO fluorescence lifetime, yielding excellent recovery of velocity vectors. In high-quenching conditions where the fluorescence lifetime was shortened, and particularly in low-speed flows, this technique was limited. In the case of the underexpanded jet flowfield, velocity mapping near the nozzle and in the subsonic area following the Mach disk were not possible.
In order to avoid the limitations of fluorescence quenching, a technique utilizing the photodissociation of seeded NO 2 into these high-quenching environments to form a grid of NO, and the subsequent tracking of the nascent NO using NO planar LIF, was demonstrated. The technique permitted extraction of velocity vectors in the high-quenching regions, which were unobtainable using the fluorescence lifetime technique. The two-component technique produced velocity maps that were in excellent agreement with CFD simulation results. Lastly, singleshot analyses of the photodissociation technique yielded relative velocity uncertainties of ∼5% and were primarily limited by signal to noise. Large fluctuations in the vicinity of the Mach disk were due to shot-to-shot fluctuations in the location of the Mach disk and were inherent to the nature of the flow. Since the calculated NO 2 photodissociation fraction was greater than 99.9%, the uncertainties could be improved by either increasing NO 2 number density, followed by a subsequent increase in photodissociation laser intensity, or by increasing probe laser power.
